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Abstract

Biostimulation by nutrient application is a viable technology for restoring oil-contaminated beaches. Maximizing the nutrient resi-
dence time is key for achieving a rapid cost-effective cleanup. We considered the nutrient injection strategy through a perforated pipe
at the high tide line and we simulated numerically beach hydraulics, which allowed us to estimate the optimal injection flow rate of nutri-
ent solution. Our results indicate that the optimal application is one that starts following the falling high tide and lasts for half tidal cycle.
The saturated wet-front of the nutrient solution on the beach surface would move seaward with the same speed of the falling tide keeping
a constant distance with the tide line. The numerical results were generalized to beaches of wide ranges of hydraulic and tidal properties
using a novel dimensionless formulation for water flow and solute transport in porous media. Nomographs were presented to provide the
flow rate based on four parameters: The beach slope and hydraulic conductivity, and tidal amplitude and period.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Oil contamination of coastal areas from offshore spills
usually occurs in the intertidal zone of beaches (the beach
section between the low tide and the high tide) and occu-
pies, in most situations, the top 25 cm of soil. Mechanical
removal of the oil is essential, but unfortunately, cannot
achieve 100% removal, and some of the oil remains
entrapped in the beach matrix. For this reason, bioremedi-
ation (e.g., Merlin et al., 1995; Venosa et al., 1996; Wrenn
et al., 2006) of polluted beaches is typically recommended
as a follow up treatment strategy. The approach relies on
the fact that indigenous microorganism are capable of
degrading (oxidizing) the oil provided favorable environ-
mental conditions exist. In particular, the presence of
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dissolved oxygen and nutrients, such as phosphate and
nitrate, is essential. Dissolved oxygen is commonly present
in the interstitial water of beaches, and if it is not, then bio-
remediation becomes too costly, and thus might not be the
best strategy to adopt. However, nutrients can lack on cer-
tain beaches, and thus need to be supplied to the bioreme-
diation zone (polluted zone).

Bioremediation studies in the lab and field have demon-
strated that nitrogen concentrations ranging from 2.0 to
10.0 mg/L are sufficient for near-maximum growth of
hydrocarbon-degrading microorganisms (e.g., Venosa
et al., 1996; Boufadel et al., 1999d; Wrenn et al., 2006).
The effectiveness of biostimulation depends on prolonged
contact between the added nutrients and the oil within
the bioremediation zone. Thus, maximizing the residence
time of nutrients in this zone is key, and it requires
accounting for the factors affecting the transport of dis-
solved nutrients within the beach matrix. (Slow-release
nutrients rely on dissolution in the interstitial water prior
to uptake by microorganisms).
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Previous studies indicated that water flow (and subse-
quently the transport of dissolved nutrient) in a beach is
driven by a combination of three main factors: (i) tidal
action (Wrenn et al., 1997; Boufadel, 1998; Boufadel
et al., 2006), (ii) the presence of freshwater in a marine
(saltwater) environment (Boufadel, 2000) and the resulting
buoyancy currents, and (iii) wave action (Asservatham
et al., 1993; Boufadel et al., in press). The present work
accounts only for the first two factors (tide and buoyancy),
and presents a nutrient application strategy that is suitable
for a wide range of beaches.

In this paper, all the dimensional terms will be marked
with a superscript ‘‘*’’. Any term without the superscript
‘‘*’’ is dimensionless. A list of notations is given in Appen-
dix 1.

2. Application strategy for nutrient

There are two nutrient application strategies that have
been considered in the scientific literature. They are: (1)
Spraying the nutrient solution onto the beach surface at
low tide (using sprinklers), as conducted by Venosa et al.
(1996) in their study of a planned oil spill on a Delaware
beach, and (2) digging a trench at the high tide line, and
applying the solution through a perforated tube during fall-
ing tides. This strategy was proposed by Wise et al. (1994a),
and it relies on assumed upwelling of nutrients to the bio-
remediation by freshwater propagating seaward in the
beach. The first strategy ensures complete coverage of the
bioremediation zone, but it is costly, requiring placing
many poles to hold the sprinklers higher than the water
level during high tide. In addition, sprinklers tend to jam
or clog due to exposure to the abrasive saltwater environ-
ment. In the study conducted by Venosa et al. (1996), the
staff was dispatching the sprinklers at low tide, conducting
the application, and then removing them immediately, a
labor-intensive process that is cost prohibitive for a large-
scale area. The second strategy was not tested in a field
application, but it could be costly if one were to dig
trenches in beaches. In addition, the adopted conceptual
model of freshwater/saltwater interaction in Wise et al.
(1994a) is only appropriate for large-scale dynamics at
the scale of aquifers; the model predicts that freshwater is
always floating on a saltwater wedge prior to exiting to
sea. However, studies at the beach-scale indicated an
inverted salinity distribution in the beach, whereby high
salinity water overtops low salinity water in the intertidal
zone (Millham and Howes, 1994; Wrenn et al., 1997; Bouf-
adel, 1998; Portnoy et al., 1998; Robinson and Gallagher,
1999; Uchiyama et al., 2000; Boufadel, 2000). Thus, the
strategy proposed by Wise et al. (1994a) might not be
successful.

We propose to apply the nutrients from a perforated
pipe placed above the beach surface at the high tide line
parallel to the shoreline (Fig. 1). This seems to be the least
labor-intensive strategy. Because most of the nutrient in the
bioremediation zone will be washed out at the next high
tide, nutrient application should begin immediately after
the high tide in order to maximize the residence time of
nutrient in the beach.

Our initial inclination was to attempt to saturate the
beach with the nutrient solution relying on groundwater
flow propagating first downward to the water table and
later seaward. This was found to be untenable, because
the groundwater seaward propagation of the applied plume
was in many situations much slower than the seaward
motion of the tide line (intersection of the tide with the
beach surface). Our attention was then shifted on using sur-
face runoff of the injected solution as follows: Apply the
nutrient solution at a high enough rate to cause ‘‘critical’’
ponding condition on the beach and the seaward runoff
of the solution. Here the ‘‘critical’’ ponding condition
means that the depth of the ponding nutrient solution on
the beach surface is zero (critical) and the pores of the
beach surface within the injection area are completely filled
with water. Such runoff would percolate into the beach sea-
ward of the application location. If the applied flow is too
large, the nutrient runoff would reach the tide line and be
washed to sea, which constitutes an inefficient application.
Thus, the applied flow needs to be large enough and to vary
with time to allow the runoff to fill the beach as soon as the
tide falls, because the goal is to maximize the residence time
of the nutrients in the beach prior to the rising tide. We
elected to have the runoff moving on the beach surface at
the same speed of the falling tide (such speed varies with
time). The reverse engineering problem was to select the
injection flow based on beach and tidal properties. The
results are generalized to various beach and tide conditions
using a novel dimensionless formulation for water and sol-
ute transport in porous media (Boufadel et al., 1999a;
Boufadel, 2000). The final results are the variation of the
injection flow as function of time and they are presented
in form of nomographs requiring the user to input only
four parameters (Fig. 1): the beach slope sb� ð¼ tan hÞ [–],
the beach soil hydraulic conductivity K�0 [LT�1] (the beach
is assumed to be homogeneous and isotropic), and the tidal
amplitude A* [L] and period T* [T].

The assumption of homogeneity and isotropy might not
be realistic for some beaches, and in those cases the current
study would be used as a first try to be followed by an
improved design based on numerical simulations or
observations.

3. Methods

We define here the nutrient-injecting surface (see Fig. 1)
by the beach surface which is lower than the high tide line
and higher than the tidal level by a constant Dw* and has a
unit length of 1 m in the shoreline direction. The nutrient-
injecting surface extends seaward as the tide falls and with-
draws landward as the tide rises. The nutrient injection
begins when the tidal level falls to the elevation of high
tidal level �Dw*. Given the beginning time of nutrient
injection which is immediately after the high tide, to ensure



Fig. 1. Schematic of a beach cross-section vertical to the shoreline and the nutrient-injecting surface.
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that there is enough nutrient in beach soils near the low tide
line, the nutrient injection should at least continue to the
low tide, or a little bit conservatively and conveniently, it
should last for half tidal cycle. On the other hand, further
injection when the tide rises is obviously a waste of the
nutrient because the rising tide may wash out the nutrients
immediately after they are released. So the injection dura-
tion is chosen to be half tidal cycle.

To quantify the amount of solution, we conducted a
numerical investigation of the beach groundwater hydrau-
lics and solute transport, taking into account the effects of
the tidal action on beach hydraulics and the freshwater–
saltwater interaction. The equations governing water flow
and solute transport (salt and nutrient) were coded in a
dimensionless, two-dimensional numerical model MARUN
(Boufadel et al., 1999a; Boufadel, 2000) for describing the
density-and-viscosity-dependent flow in a variably-satu-
rated beach cross-section vertical to the shoreline. The
model incorporated all the important and complex factors
such as the seepage face, soil permeability and capillary
effects, tidal amplitude and period and the beach slope.

3.1. Beach domain and tide

Fig. 2 shows the cross-section of the beach in our
numerical model. Proper vertical and horizontal scaling
factors were used to transform the real beach domain in
Fig. 2a into the dimensionless domain in Fig. 2b which
has a fixed slope of sb = 10%. The flow and solute transport
equations were written in dimensionless forms and solved
in the dimensionless domain. In the dimensionless model,
the slope sb� appears only in the flow and solute transport
governing differential equations. The numerical solutions
for different beach slopes can be obtained by adjusting
the sb� -value using the same dimensionless domain and
mesh.

The dimensionless beach domain in Fig. 2b has a length
of Lx = 80 and height of Lz = 5. The bottom is assumed to
be impermeable. For a real beach area with tidal amplitude
A* [L] and beach slope sb� , letting the vertical characteristic
scale be A* and horizontal characteristic scale be A�sb=sb� ,
the dimensionless domain is transformed into different
dimensional domains with vertical height L�z ¼ LzA

� ¼ 5A�
and horizontal length L�x ¼ LxA
�sb=sb� ¼ 8A�=sb� . The char-

acteristic time scale is defined as:

T �S ¼ A�=K�0 ð1Þ

and the fundamental transforms with respect to the spatial
and temporal variables are

x ¼ sb�x�

sbA�
; z ¼ z�

A�
; t ¼ t�

T �S
; ð2Þ

where x* and z* are the horizontal and vertical coordinates
for the dimensional domain, respectively (Fig. 2a), and x

and z are the horizontal and vertical coordinates of the
dimensionless domain, respectively (Fig. 2b). The term t*

is time and t is the dimensionless time. The sea tide, which
is assumed to be sinusoidal with a period of T*, is described
by the following dimensionless form:

hseaðtÞ ¼def : hm þ cos
2p
T

t
� �

; ð3aÞ

where

T ¼ T �

T �S
¼ T �K�0

A�
ð3bÞ

is the dimensionless tidal period, hm is the ratio of the mean
sea level to the tidal amplitude. By setting hm = 3.0, the
dimensionless tidal level fluctuates between the elevations
2.0 and 4.0 (Fig. 2b).

In the numerical simulations, the nutrient solution has a
nutrient concentration of 2.0 g/L and salt concentration of
32.0 g/L, a typical value of the seawater concentration. The
numerical solution for an arbitrary nutrient concentration
c�Inj of the nutrient solution for injection can be determined
proportionally from the ratio of c�Inj to the value 2.0 g/L as
long as c�Inj is small enough (e.g., less than 5.0 g/L), because
in this case the model is approximately linear with respect
to the nutrient concentration in the beach.

In the dimensionless domain, the nutrient-injecting sur-

face is the beach surface which is lower than the high tide
line (z = 4.0) and higher than the tidal level hsea(t) by a con-
stant Dw*/A* and has a unit length of 1 m in the shoreline
direction. The nutrient injection begins when the tidal level
falls to the elevation of 3.80 (i.e., Dw*/A* = 0.2).
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Fig. 2. Beach cross-sectional domains for (a) real dimensional and (b) dimensionless model formulations.

H. Li et al. / Marine Pollution Bulletin 54 (2007) 1146–1161 1149
3.2. Dimensionless flow and transport equations

Using the transforms of the temporal and spatial vari-
ables defined in Eq. (2), the flow equation is written as
the dimensionless form in the dimensionless beach domain
(Li et al., submitted for publication) which is a coupled
nonlinear partial differential equation including the dimen-
sionless pressure w (the ratio of the pressure head to the
tidal amplitude, i.e., w = w*/A*), and the total concentra-
tion c� ¼ c�s þ c�nut ½ML�3�, where c�s and c�nut being the salt
and nutrient concentrations, respectively. A typical poros-
ity value of 0.30 was used. In the unsaturated zone, the
hydraulic conductivity and the capillary pressure depend
on the soil water saturation and described by a dimension-
less form derived from the van Genuchten (1980) model
which includes three soil parameters Sr, a* and n. Here Sr

is residual water saturation and a fixed typical value of
0.01 was used. The parameter a* [L�1] represents the char-
acteristic pore size of the beach soil. Higher a* values imply
a coarser material. The inverse of a* provides an estimate
of the capillary fringe (zone of considerable moisture above
the water table). In the dimensionless model, the parameter
a* was set to a* = 10/A*. The term n represents the unifor-
mity of the pores and higher values of n imply a more uni-
form pore-size distribution (van Genuchten, 1980; Wise
et al., 1994b). In our numerical model, an average value
n = 3.0 was used.

Following Zhao et al. (2006) and Li et al. (submitted for
publication), the transport of the salt and nutrient
(regarded as the total concentration c� ¼ c�s þ c�nut) is also
written as a dimensionless form in the dimensionless
domain with a dimensionless dispersion coefficient defined
as

Df ¼
D�f

A�K�0
ð4Þ

where D�f ½L2T�1� is the velocity-independent constant dis-
persion coefficient. A conservative value of 0.01 was used
for the parameter Df. The transport of the nutrient compo-
nent (c�nut) is described by the same dimensionless transport
equation after the total concentration c* was replaced by
c�nut. Details of the dimensionless formulation of the flow
and solute transport equations can be found in Li et al.
(submitted for publication) and Boufadel et al. (1999a,c).

3.3. Boundary and initial conditions

On the saturated part of the left-hand side boundary, the
water is fresh and the watertable is a constant (the tide-
induced watertable fluctuation dies out). The inland water
table sufficiently far from the coastline is significantly high
than the mean sea level even in the case when there is no
net inland recharge (e.g., Nielsen, 1990; Li et al., 2000;
Teo et al., 2003; Li and Jiao, 2003). Here the watertable
at the left boundary is set to be the high tide (4.0) to ensure
adequate inland freshwater recharge. No-flow and zero
dispersion flux boundary conditions were assigned on the
domain bottom {0 6 x < 80, z = 0} and the boundaries
of the unsaturated zone, which include the upper part
of the left-hand side {x = 0, z > 4}, the upper surface
{0 6 x < 40, z = 5}, and the beach surface above the
seepage face which varies with time due to the tidal level
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fluctuations. On the saturated part of the land-sea inter-
face, the total concentration equals the seawater concentra-
tion c�sea (a constant of 32.0 g/L), the nutrient concentration
in the seawater is assumed to be always zero and the pres-
sure head is determined by the tidal sea level. At the seep-
age face, both the dimensionless pressure head w and the
dispersion flux were set to zero to simulate the ‘‘outward
boundary condition’’ (Galeati et al., 1992; Boufadel,
2000). This boundary condition ensures that the solute
leaves the domain without change in its value. Details
about numerical approaches of seepage face can be found
in Li et al. (submitted for publication), Boufadel et al.
(1999b), Cooley (1983), Pinder and Gray (1977) and Neu-
man (1973).

Before running the simulations of nutrient-injection, the
periodic steady state solution was calculated using the
model without nutrient (i.e., c�nut � 0 everywhere and any
time). To find the periodic numerical solution without
nutrient, an approximate initial condition was used. Details
of the periodical numerical solutions were given in Li et al.
(submitted for publication). As an example, Fig. 3a shows
salinity (in kg m�3, thin lines), the velocity field (arrows),
degree of water saturation (fraction of the pore volume
occupied by water, dotted lines), the beach water table
and the sea level (thick dashed line) at high tide when
ðsb� ; T Þ ¼ ð0:316; 4:41Þ. Fig. 3b–d are the results at falling
mid-tide, low tide, and rising mid-tide, respectively. The
periodical tidal submersion of the beach surface forms a
salt plume beneath the intertidal zone. A clear freshwater
discharge path separates the salt plume beneath the
intertidal zone from that below the low tide line. The
inland freshwater discharge outlet is located near the low
tide line.

After obtaining the periodically steady numerical solu-
tion, the numerical simulation of the nutrient injection
was conducted. As discussed in Sections 2 and 3.1, the
nutrient injection begins when the dimensionless sea level
falls from the high tide to 3.80, or equivalently, approxi-
mately 0.10 tidal cycles after the high tide. The salt concen-
tration and dimensionless pressure head of the periodic
numerical solution when the dimensionless sea level falls
from the high tide to 3.80 were used as the initial condi-
tions. The initial value of nutrient concentration in the
domain is zero. During the nutrient-injection period PInj,
the boundary conditions on the nutrient-injecting surface
CInj are

wjðx;zÞ2CInj
¼ 0; if t 2 PInj; ð5aÞ

c�jðx;zÞ2CInj
¼ 34:0 g=L; if t 2 PInj; ð5bÞ

c�nutjðx;zÞ2CInj
¼ 2:0 g=L; if t 2 PInj: ð5cÞ

The nutrient solution for injection is obtained by adding
2.0 g nutrient into per liter seawater which has a salt con-
centration of c�sea ¼ 32:0 g=L. So a total concentration of
34.0 g/L is used in Eq. (5b). Before and after the nutrient
injection period, the above natural infiltration boundary
conditions in (5) were replaced by the no-flow and zero dis-
persion flux boundary conditions.

The model was numerically solved using the MARUN
code (Boufadel et al., 1999a). Details of the parameter rela-
tionships for the dimensionless and dimensional model,
domain discretization, and numerical techniques for seep-
age face are summarized in Li et al. (submitted for
publication).

4. Results

Numerical solutions were calculated for 6 cases when
the beach slope sb� ¼ 0:0316; 0:1; 0:316 and T = 4.41, and
44.1. Fig. 4 shows the nutrient concentration (in g/L, thin
lines), degree of water saturation (fraction of the pore vol-
ume occupied by water, dotted line), the Darcy velocity
field (arrows) and the water table (thick dashed line) for
(sb� ; T Þ ¼ ð0:316; 4:41Þ at (a) the first low tide after begin-
ning of the nutrient injection, (b) the first high tide, (c)
the second low tide, and (d) the second high tide. Figs.
5–9 are the situations for the other 5 cases when
(sb� ; T Þ ¼ ð0:316; 44:1Þ, (0.1,4.41), (0.1,44.1), (0.036,4.41)
and (0.036,44.1), respectively. The analyses of the nutrient
concentrations and water saturations for the 6 cases lead to
the following conclusions:

(i) For beaches with slopes of 0.10 or 0.316, either the
nutrient concentration in the bioremediation zone
near the low tide line is lower than the effective value
at the first high tide after beginning of the nutrient
injection (e.g., the cases for ðsb� ; T Þ ¼ ð0:316; 4:41Þ
and (0.1,44.1) shown in Figs. 4 and 7), or the water
saturation near the high tide line is not high enough
(less than 0.3) at the second low tide after beginning
of the nutrient injection (e.g., all the cases for
sb� ¼ 0:10 and 0.316 in Figs. 4–7). In these cases, we
suggest that the nutrient injection should be repeated
at each tidal cycle, but with smaller nutrient concen-
trations (e.g., 1/5 of 2.0 g/L) because the 0.002 g/L
contours at the first high tide are very close to the
0.01 g/L contours. If the nutrient concentration for
injection is 0.4 g/L, the 0.002 g/L contours will be
located where the current contours for 0.01 g/L are.
In addition, our simulations considered only one sin-
gle injection period (no initial nutrient in the beach
soils) and the dispersion was simulated conservatively
with a small constant dispersion coefficient Df = 0.01
(Li et al., submitted for publication).

(ii) For beaches with small slope of 0.0316, the water sat-
uration near the high tide line can reach 0.6 even at
the second low tide and the nutrient concentration
is still above the effective value in the bioremediation
zone even at the second low and high tides (Figs. 8
and 9). In this case the nutrient injecting frequency
can be reduced to once per two tidal cycles.

(iii) The nutrient plume moves mainly seaward when the
tide falls and mainly downward when the tide rises,



Fig. 3. Salinity (in g/L), velocity field, and degree of water saturation of the periodic numerical solution without nutrient injection for
(sb� ; T Þ ¼ ð0:316; 4:41Þ at four different times. The thin lines represent the salinity. The arrows represent the Darcy flux. The dotted line represents the
degree of water saturation of 30%. The dashed line represents the beach water table.
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which is consistent with the laboratory observations of
tracer studies conducted by Boufadel et al. (2006).
Because the outlet of the inland freshwater discharge
path is located near the low tide line (Li et al., submit-
ted for publication; Robinson et al., 2006, 2007), the
nutrient concentration near the low tide line remains



Fig. 4. Nutrient concentration (in g/L), velocity field, and degree of water saturation for ðsb� ; T Þ ¼ ð0:316; 4:41Þ at four different times. The thin lines
represent the nutrient concentration. The arrows represent the Darcy flux. The dotted line represents the degree of water saturation of 30%. The dashed
line represents the beach water table.
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very low until the nutrient solution infiltrates down-
ward and mixes with the deep freshwater and then
moves along the freshwater discharge path to the
outlet. This is why the nutrient concentration near



Fig. 5. Nutrient concentration (in g/L), velocity field, and degree of water saturation for ðsb� ; T Þ ¼ ð0:316; 44:1Þ at four different times. The thin lines
represent the nutrient concentration. The arrows represent the Darcy flux. The dotted line represents the degree of water saturation of 30%. The dashed
line represents the beach water table.
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the outlet is lower than the effective value for almost all
cases in Figs. 4–9. There are only two exceptional cases
at the 2nd low tide in Figs. 5c and 7c, where the rela-
tively steep beach slope of ðsb� ¼ 0:316 and 0:1Þ and



Fig. 6. Nutrient concentration (in g/L), velocity field, and degree of water saturation for ðsb� ; T Þ ¼ ð0:1; 4:41Þ at four different times. The thin lines
represent the nutrient concentration. The arrows represent the Darcy flux. The dotted line represents the degree of water saturation of 30%. The dashed
line represents the beach water table.
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the greater T-value of 44.1 (corresponding to larger
permeability, see Eq. (3b)) result in rapid downward
infiltrating, rapid mixing with the deep freshwater
and rapid discharge of the nutrient solution toward



Fig. 7. Nutrient concentration (in g/L), velocity field, and degree of water saturation for ðsb� ; T Þ ¼ ð0:1; 44:1Þ at four different times. The thin lines
represent the nutrient concentration. The arrows represent the Darcy flux. The dotted line represents the degree of water saturation of 30%. The dashed
line represents the beach water table.
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the outlet. If the nutrient solution injection is con-
ducted periodically as suggested in (i) and (ii), the
nutrient concentration near the outlet will eventually
reach or exceed the effective value for all the cases.



Fig. 8. Nutrient concentration (in g/L), velocity field, and degree of water saturation for ðsb� ; T Þ ¼ ð0:0316; 4:41Þ at four different times. The thin lines
represent the nutrient concentration. The arrows represent the Darcy flux. The dotted line represents the degree of water saturation of 30%. The dashed
line represents the beach water table.
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The dimensionless nutrient injection flow rate
F Injðt; sb� ; T Þ, which is defined as the ratio of the nutrient
injection flow rate to the quantity A�K�0, was calculated
for the 6 cases. The nutrient injection begins when the fall



Fig. 9. Nutrient concentration (in g/L), velocity field, and degree of water saturation for ðsb� ; T Þ ¼ ð0:0316; 44:1Þ at four different times. The thin lines
represent the nutrient concentration. The arrows represent the Darcy flux. The dotted line represents the degree of water saturation of 30%. The dashed
line represents the beach water table.
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of the tidal level from the high tide reaches 20% of the tidal
amplitude, or equivalently, approximately 0.10 tidal cycles
after the high tide. Fig. 10 reports it as function of time
starting from an initial duration of 0.005 tidal cycles from
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the beginning of injection. The flow values were excessively
large during this initial duration of 0.005 tidal cycles due to
the mathematical artifact of suddenly applying boundary
conditions of zero pressure at the surface that had a nega-
tive pressure. Because the duration of these high flows was
very small (only 0.005 tidal cycles), the resulting water
volumes that entered the beach were also small. For this
reason, it is better from an engineering point of view to
omit these high flows, and to assume that the flows at the
end of this initial duration existed at the beginning of
injection.

The four curves for sb� ¼ 0:1 and 0.316 abruptly become
steep when the dimensionless time reaches about 0.18
(notice the ‘‘kink’’ in Fig. 10). Detailed analyses of the
numerical solution indicated that a saturated outflowing
discharge path was formed beneath the nutrient-injecting
surface at this time, and a seepage face appeared on its
lower part. This increased the injecting flow rate signifi-
cantly and resulted in the kink. During the initial injecting
stage, the four curves are very close to each other, indicat-
ing that the injecting flow rates are less sensitive to the
beach slope. This is because during the initial injecting
stage, the saturated outflowing discharge path was not
F Injðt; sb� ; T Þ ¼
ðp � p1Þ½ð‘� ‘1ÞF 22 þ ð‘2 � ‘ÞF 12� þ ðp2 � pÞ½ð‘� ‘1ÞF 21 þ ð‘2 � ‘ÞF 11�

ðp2 � p1Þð‘2 � ‘1Þ
; ð6Þ
formed yet and the injecting flow rate was mainly deter-
mined by the infiltration, which is independent of the beach
slope.

The drainage speed of the seepage face depends on two
factors: the first is the beach slope, the second is the beach
hydraulic conductivity. The decrease of the beach slope can
reduce the drainage speed of the beach pore water as the
tide falls, e.g., at the extreme case of flat beach surface,
the soil becomes always saturated and no drainage hap-
pens. This explains why the dimensionless injecting flow
rate decreases as the slope becomes smaller in Fig. 10. In
particular, when sb� ¼ 0:0316, the beach drainage speed is
limited by the small slope so strongly that the increment
of the injecting flow rate is no longer proportional to the
permeability increment, as is indicated by the two curves
for sb� ¼ 0:0316 in Fig. 10. This may explain why the curve
for sb� ¼ 0:0316 and T = 44.1 is far below the others. In
this case, although the saturated outflowing discharge path
is also formed, the limited drainage speed does not enhance
the dimensionless injecting flow rate significantly and so
the curves have no kinks.

For greater beach slope, the constraint of the slope to
the drainage speed becomes negligible and the beach
hydraulic conductivity dominates the drainage speed of
the beach surface. In this case, the drainage speed or the
injecting flow rate will be approximately proportional to
the beach hydraulic conductivity K�0. Consequently, the
ratio of the injecting flow rate to K�0, or equivalently, the
dimensionless injecting flow rate, should be less sensitive
to the hydraulic conductivity. This may explain why the
pair of curves for the same slope value sb� ¼ 0:1 are so close
to each other for different values of T, and so are those for
sb� ¼ 0:316.

5. Nomographs for practitioners

These 6 cases can be used as a set of basis for interpola-
tion to evaluate the dimensionless nutrient injection flow
rate for an arbitrary real beach system. The procedure is
as follows. Given the beach slope sb� , hydraulic conductiv-
ity K�0, tidal amplitude A*, and tidal period T*, the dimen-
sionless tidal period T can be determined from Eq. (3b),
repeated herein for convenience:

T ¼ T �K�0
A�

: ð3bÞ

Then the dimensionless nutrient injection flow rate
F Injðt; sb� ; T Þ at any dimensionless time t ¼ t�A�

K�
0

is deter-
mined via interpolations with respect to the two variables
ðsb� ; T Þ by
where
p ¼ lg T ; ðp1; p2Þ ¼ ðlg T 1; lg T 2Þ ¼ ðlg 4:41; lg 44:1Þ; ð7aÞ
‘ ¼ lg sb� ; ‘1 ¼ lg s1; ‘2 ¼ lg s2; ð7bÞ
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ðs1; s2Þ ¼ ð0:0316; 0:1Þ if 0:0316 < sb� 6 0:1 and ð7cÞ
ðs1; s2Þ ¼ ð0:1; 0:316Þ if 0:1 < sb� 6 0:316; ð7dÞ
F ij ¼ F Injðt; si; T jÞ; i; j ¼ 1; 2: ð7eÞ

Linear interpolations with respect to the variables lg sb�

and lgT are used instead of sb� and T, because several
numerical tests indicated that the results of the log-based
interpolation were closer to the numerical solutions. Table
1 gives the value ranges of the beach slope sb� and hydraulic
conductivity K�0 for saturated freshwater applicable for our
interpolation method based on the curves from Fig. 10
when the tidal amplitude A* ranges from 0.3 m to 2.0 m
and the tidal period T* equals 12.25 h (approximating
semidiurnal tide) or 24.5 h (approximating diurnal tide).

Example: Assume a beach has the following parameter
values: slope sb� ¼ 20%, permeability K�0 ¼ 3:8�
10�4 m=s, the tidal amplitude A* = 1.2 m, the tide period
T* = 12.25 h. Please find the nutrient injection flow rate
for this beach.

Answer: Checking the row in Table 1 corresponding to
T* = 12.25 h, we find that sb� ¼ 20% and K�0 ¼ 3:8�
10�4 m=s are within their applicable value ranges, so Eqs.
(6) and (7) can be used to find the nutrient injection flow
rate. From definition Eq. (3b), the dimensionless tidal
period is

T ¼ T �K�0
A�
¼ 12:25� 3600� 3:8� 10�4

1:2
¼ 14:0: ð8Þ

Because 0:10 6 sb� ¼ 0:20 6 0:316, setting (s1, s2) = (0.10,
0.316) in Eq. (6), one can obtain the dimensionless nutrient
injection flow rate F Injðt; sb� ; T Þjsb�¼0:20;T¼14:0 based on the
four curves in Fig. 10 corresponding to (sb� ; T Þ ¼ ð0:1;
4:41Þ, (0.1,44.1), (0.316,4.41) and (0.316, 44.1). We devel-
oped a Fortran code to conduct the interpolation, and
the value of F Injðt; sb� ; T Þjsb�¼0:20;T¼14:0 at each time step is
reported in Fig. 10 (thin line with ‘‘I’’) along with those
obtained by numerically solving the governing equations
of the dimensionless model (the thick line with ‘‘·’’). The
agreement between the curves is good indicating that the
interpolation is sufficient for obtaining high accuracy.
Using the values of F Injðt; sb� ; T Þjsb�¼0:20;T¼14:0, the nutrient
injection flow rate is then given by

F �Injðt; sb� ; T Þjsb�¼0:20;T¼14:0

¼ A�K�0F Injðt; sb� ; T Þjsb�¼0:20;T¼14:0

¼ 4:56� 10�4F Injðt; sb� ; T Þjsb�¼0:20;T¼14:0 m3=ðm sÞ: ð9Þ
Table 1
Value ranges of the beach slope sb� and hydraulic conductivity K�0
applicable for our interpolation method for usual tidal amplitude A* and
tidal period T*

A* (m) T* (h) K�0 ðm=sÞ sb�

0.3–2.0 12.25 (semidiurnal) 3 · 10�5–2 · 10�3 3.16–31.6%
0.3–2.0 24. 5 (diurnal) 1.5 · 10�5–10�3 3.16–31.6%
6. Conclusions

Biostimulation via application of nutrients such as
nitrogen and phosphorus is a viable technology for restora-
tion of oil-contaminated beaches. Although the nutrient
concentrations sufficient for near-maximum growth of
hydrocarbon-degrading microorganisms are very small
(only 2.0–10.0 mg/L), the effectiveness of biostimulation
requires continuous contact between the added nutrients
and the oil within the bioremediation zone. Maximizing
the residence time of nutrients in this zone is the key to
achieve rapid and cost-effective cleanup. We considered
the situation where the nutrient solution is released
through a perforated pipe at the high tide line parallel to
the shoreline. The optimal nutrient application flow was
obtained as result of numerical investigations of the beach
groundwater hydraulics and solute transport, taking into
account the effects of the tidal action, saltwater wedge,
and density gradients.

Proper vertical and horizontal scaling factors were used
to transform the beach domain into a dimensionless
domain with a fixed slope, the flow and solute transport
equations were written in dimensionless forms and solved
in the dimensionless domain. The numerical solutions for
different beach slopes were obtained by adjusting the
sb�-value using the same dimensionless domain and mesh.
A novel dimensionless, two-dimensional model MARUN
(Boufadel et al., 1999a) was used to describe the density-
and-viscosity-dependent flows in cross-sections of vari-
ably-saturated homogeneous beaches vertical to the
shorelines. The model incorporated all the important and
complex factors such as the seepage face, soil permeability
and capillary effects, tidal amplitude and period, and the
beach slope.

Based on the analyses of the numerical simulations, the
optimal nutrient application strategy was obtained. The
application of the nutrient solution should begin following
the high tide and should last for half a tidal cycle. The flow
rate of the nutrient solution given in Fig. 10 ensures that
the saturated wet-front of the nutrient solution in the beach
surface moves seaward with the same speed of the falling
tide keeping a constant distance from the tide line. The
nutrient flow rates satisfying these optimal conditions were
numerically calculated for 6 cases of the dimensionless
model.

For an arbitrary tidal beach system, the optimal nutri-
ent flow rate can be interpolated among those of the
given 6 cases provided the beach slope is between
0.03 and 0.33, the beach hydraulic conductivity is
between (10�5 and 10�3 m/s), the tidal amplitude is
between 0.3 m and 2 m and the period is either semidi-
urnal or diurnal. The proper interpolation is not lin-
ear, and is reported by Eq. (6). Extrapolation should be
conducted with caution. The authors have written a For-
tran code to conduct the interpolation, and bioremedia-
tion practitioners may obtain it from the authors at no
cost.
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Appendix 1

List of notations

A* [L] tidal amplitude.
c* [ML�3] total concentration of the beach pore water

ðc� ¼ c�s þ c�nut).

c�nut [ML�3] nutrient concentration of the beach pore
water.

c�s [ML�3] salt concentration of the beach pore water.

c�sea [ML�3] salt concentration of the seawater (=32.0 g/L).

D�f ½L2T�1� & Df ½–� dimensional and dimensionless dis-
persion coefficients, respectively.

F Injðt; sb� ; T Þ [–] the dimensionless nutrient injection flow
rate defined as the ratio of the nutrient injection

flow rate to the quantity A�K�0.
F �Injðt; sb� ; T Þ ½L2T�1� the nutrient injection flow rate (the

volume of nutrient solution needed in unit time
and in unit length in the shoreline direction).
F �Injðt; sb� ; T Þ ¼ A�K�0F Injðt; sb� ; T Þ

hm ratio of the mean sea level to the tidal ampli-
tude.

hsea dimensionless sea level (ratio of the sea level to the
tidal amplitude).

K�0 ½LT�1� saturated freshwater hydraulic conductivity of
beach soil.

L�x ½L� & Lx ½–� horizontal lengths of the dimensional and
dimensionless domains, respectively.

L�z ½L� & Lz ½–� heights of the dimensional and dimension-
less domains, respectively.

n [–] soil parameter of the van Genuchten (1980) model.
Sr [–] residual soil water saturation.
sb� [–] & sb [–] beach slopes of the dimensional and dimen-

sionless domains, respectively.
T* [T] & T [–] dimensional and dimensionless tidal peri-

ods, respectively.
T �S ½T� the characteristic time scale, T �S ¼ A�=K�0.

t* [T] & t [–] dimensional and dimensionless time variables,
respectively.

x* [L] & x [–] dimensional and dimensionless horizontal
coordinates, respectively.

z* [L] & z [–] dimensional and dimensionless vertical coor-
dinates, respectively.

a* [L] parameter of the van Genuchten (1980) model for
describing the soil capillary effect.

Dw* [L] the vertical distance from the saturated wet-front
of the nutrient solution to the tidal sea level
(equals 0.20A* in the numerical simulation).

w* [L] & w [–] dimensional and dimensionless pressure
heads, respectively.
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